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The most useful information about the anatomy of human memory comes from cases where there has been
extensive neuropsychological testing followed by detailed post-mortem neurohistological analysis. To our knowledge,
only eight such cases have been reported (four with medial temporal lobe damage and four with diencephalic
damage). Here we present neuropsychological and post-mortem neurohistological findings for one patient (NC) with
bilateral damage to the medial temporal lobe and two patients (MG, PN) with diencephalic damage due to bilateral
thalamic infarction and Korsakoff’s syndrome, respectively. All three patients exhibited a similar phenotype of
amnesia with markedly impaired declarative memory (anterograde and retrograde) but normal performance on tests
of nondeclarative memory (e.g., priming and adaptation-level effects) as well as on tests of other cognitive functions.
Patient NC had damage to the hippocampus (dentate gyrus and the CA1 and CA3 fields) and layer III of the
entorhinal cortex, but with relative sparing of the CA2 field and the subiculum. Patient MG had damage to the
internal medullary lamina and mediodorsal thalamic nuclei. Patient PN had damage to the mammillary nuclei,
mammillothalamic tracts, and the anterior thalamic nuclei. These findings illuminate several issues regarding the
relation between diencephalic and medial temporal lobe amnesia, the status of recognition memory in amnesia, and
the neuroanatomy of memory.
From the earliest descriptions of memory-impaired patients
(Ribot 1881), studies of human amnesia have provided useful
insight into the structure and organization of human memory
(Scoville and Milner 1957; Talland 1965; Milner et al. 1998; Bad-
deley 2001; Schacter 2001). It is now understood that damage to
either the medial temporal lobe (MTL) or diencephalon impairs
declarative memory (conscious knowledge about facts and
events) while sparing nondeclarative memory and other cogni-
tive functions (Victor et al. 1989; Eichenbaum and Cohen 2001;
Squire et al. 2004).
The most informative reports about the functional neuro-
anatomy of human memory come from cases where there has
been an opportunity to carry out extensive neuropsychological
testing as well as post-mortem neurohistological analysis. To our
knowledge, only eight such cases have been reported. In four of
these cases, there was damage within the MTL (Zola-Morgan et al.
1986; Rempel-Clower et al. 1996). These patients demonstrated
that bilateral damage limited to the CA1 field of the hippocam-
pus is sufficient to cause significant memory impairment. Fur-
thermore, more extensive damage to the hippocampus or other
MTL structures causes more severe memory impairment (also see
Corkin et al. 1997; Stefanacci et al. 2000; Squire et al. 2004).
Work with nonhuman primates reached similar conclusions
(Zola-Morgan et al. 1994).
The four other cases were patients with Korsakoff’s syn-
drome, an example of diencephalic amnesia (Mair et al. 1979;
Mayes et al. 1988). These patients were reported to have damage
to the mammillary nuclei and a “band of gliosis” in the region of
the paratenial nucleus. Subsequent discussion about the location
and extent of damage in these four patients raised the suggestion
that the “band of gliosis” actually denoted damage to the me-
diodorsal thalamic nucleus (MD) rather than the paratenial
nucleus (Victor et al. 1989; Harding et al. 2000). Other neurohis-
tological studies of Korsakoff’s syndrome emphasized the role of
either the MD (Victor et al. 1989) or the anterior thalamic nuclei
(Harding et al. 2000) in memory impairment, but these studies
did not report neuropsychological findings for the patients.
Thus, in the case of diencephalic amnesia, the neurohisto-
logical evidence has not converged on a single view about what
damage is necessary or sufficient to impair memory. Notably, the
previously studied patients with diencephalic amnesia had Kor-
sakoff’s syndrome, a condition caused by thiamine deficiency
and usually in conjunction with alcoholism (Victor et al. 1989).
Neurohistological studies of patients with diencephalic amnesia
not related to Korsakoff’s syndrome would be useful. In addition,
there have been no neurohistological studies that included both
patients with diencephalic amnesia and patients with medial
temporal lobe amnesia. Such studies, involving patients who had
been assessed during life with the same neuropsychological tests,
would illuminate the relationship between these two forms of
amnesia.
In the present study, we report neuropsychological and
post-mortem neurohistological findings from three patients. One
patient (NC) had damage to the MTL. Two patients (MG and PN)
had damage to the diencephalon due to bilateral thalamic infarc-
tion or Korsakoff’s syndrome, respectively. We discuss the find-
ings from these patients and their implications for the functional
neuroanatomy of human memory.
Results
Neuropsychological data from the patients are described first,
followed by the post-mortem neuropathological findings. As
mentioned above, all three patients were tested on multiple oc-
casions. NC was tested for 12 yr, MG for 7 yr, and PN for 21 yr.
No significant changes in memory or cognitive abilities were
noted in any patient during the years they were studied.
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Some of the data for patients NC, MG, and PN (see Tables 1 and
2) are presented together with comparable data for four patients
(H) with histologically confirmed lesions of the hippocampus
(RB from Zola-Morgan et al. 1986; GD, LM, and WH from Rem-
pel-Clower et al. 1996), and five patients (KOR) with alcoholic
Korsakoff’s syndrome (for BL and DM, see Delis et al. 1992; for
RC, NF, and JW, see Reber and Squire 1994).
Table 1 shows scores for the full-scale Wechsler Adult Intel-
ligence Scale-Revised (WAIS-R) and the Wechsler Memory Scale-
Revised (WMS-R) for patients NC, MG, and PN as well as the H
and KOR groups just described. NC, MG, and PN had WAIS-R
scores in the normal range but were impaired on the WMS-R,
especially on the delay memory index.
Anterograde memory
Table 2 shows scores for six measures of anterograde (declarative)
memory function. The scores of eight control subjects (mean
age = 50.9 yr) are also included (Squire and Shimamura 1986).
Patients NC, MG, and PN were each impaired at learning new
material. Figure 1 shows copies and delayed reproductions of the
Rey-Osterrieth figure (Osterrieth 1944) for the patients and a
typical control. Although the patients
copied the figure accurately, they were
unable to reproduce it after a 10–15-min
delay (Fig. 1; see Table 2 for scores).
Figure 2 shows the performance of
the three patients and controls (n = 19)
on tests of recall and recognition
memory for 20-word lists tested after de-
lays of 15 sec, 10 min, 2 h, or 1 d (Haist
et al. 1992). The patients were impaired
at both recall (10% vs. 31%, P < 0.05)
and recognition memory (66% vs. 91%,
P < 0.05).
Retrograde memory
The three patients and controls were
asked 92 questions about public events
that occurred between 1950 and 1987
(Squire et al. 1989b; NC was designated
K1 and PN was designated K5). Partici-
pants took a recall test (Fig. 3A, left) and
also a four-alternative, recognition
memory test for the same questions (Fig.
3A, right). All three patients were im-
paired on questions about the most re-
cent time periods (especially on the re-
call test) but performed as well as con-
trols on questions about more remote
time periods. MG became amnesic in
1986 and thus exhibits retrograde amne-
sia covering 10–15 yr. NC and PN were
diagnosed in 1979, but the time of onset
of their amnesia is uncertain. Accord-
ingly, some of their impairment on
these tests must reflect anterograde am-
nesia, and it is difficult to know how
much of the impairment reflects retro-
grade amnesia.
Figure 3B shows performance of the
patients and controls (n = 5) on a test of
autobiographical memory (Crovitz and
Schiffman 1974). Participants were read
10 concrete nouns one at a time and
asked to recollect an autobiographical
memory associated with each word. Each narrative was rated
from 0 (no memory) to 3 (detailed episodic memory specific to
time and place). Scores are the sum of the ratings of the 10 nar-
ratives (max = 30). NC, MG, and PN performed similarly to con-
trols (scores of 28.3 and 29.4, respectively). The amnesic patients
(unlike controls) drew a disproportionate number of their auto-
biographical memories from the very remote past (also see Mac-
Kinnon and Squire 1989).
Nondeclarative memory
Figure 4 shows performance on two tests of nondeclarative
memory. For the test of priming, the three patients and controls
(n = 15) saw eight words and eight nonwords one at a time (Haist
et al. 1991). After 1 min, participants were asked to identify
briefly presented words and nonwords (half new and half old).
Patients and controls exhibited a similar advantage for identify-
ing old items relative to new items (21.9% and 24%, respectively,
for words; 19.0% and 19.9% for nonwords). Thus, the patients
exhibited normal priming.
For the test of adaptation-level effects, the three patients
and controls (n = 11) lifted 10 identical-appearing objects four
times with one hand (Benzing and Squire 1989). After 20–25
Table 1. Characteristics of amnesic patients
Patient
group Age
WAIS-R
Full-scale
WMS-R
Attention Verbal Visual General Delay
NC 39 90 62 80 60 69 <50
PN 56 94 81 77 73 67 53
MG 55 111 112.0 85.5 76.0 77.5 56.5
H (4) 53.2 104.2 107.0 84.0 84.0 80.3 54.0
KOR (5) 53.8 97.4 95.6 64.2 78.8 61.6 55.6
(WAIS-R) Wechsler Adult Intelligence Scale-Revised; (WMS-R) Wechsler Memory Scale-Revised. The
full-scale WAIS-R and each of the five indices of the WMR-R yield a mean score of 100 in the normal
population with a standard deviation of 15. The WMS-R does not provide numerical scores for indi-
viduals who score below 50. Therefore, values below 50 were scored as 50 for computing means. Mean
scores are also provided for four patients with histologically confirmed damage to the hippocampus (H:
GD, WH, and LM from Rempel-Clower et al. 1996; RB from Zola-Morgan et al. 1986) and five patients
with Korsakoff’s syndrome (KOR). RB was not tested on the WMS-R. Scores for MG on the WMS-R are
the average of two tests. “Age” is the age at testing.
Table 2. Memory test performance
Patient
group
Diagram
recall
a
Paired
associates
b Word recall
c
Word
recognition
d 50 words
e 50 faces
e
NC 3 1–0–1 23 71 31 37
PN 2 1–1–1 29 83 29.0 34.5
MG 6 0–0–2 33 71 30 34
H (4) 4.3  1.4 0.8–0.5–1.5 42.3  2.3 88.0  4.5 28.7  2.0 28.3  2.6
KOR (5) 3.2  0.9 0.2–0.0–1.8 28.6  2.8 80.2  6.8 29.2  2.1 29.8  1.2
CON (8) 20.6  2.1 5.6–7.6–8.8 71.0  5.7 97.7  0.4 41.1  1.9 38.1  1.4
aThe diagram recall score is based on delayed (10–15 min) reproduction of the Rey-Osterrieth figure
(Osterrieth 1944) (maximum score: 36).
bThe paired associates score is the number of words recalled on three successive trials (maximum score:
10/trial).
cThe word recall score is the percentage of words recalled out of 15 across five successive study-test
trials (Rey 1964).
dThe word recognition score is the percentage of words identified correctly across five successive
study-test trials (yes/no recognition of 15 new words and 15 old words). The mean percent hit rate was
48, 56, and 95 for NC, PN, and MG, respectively. The mean percent false alarm rate was 7, 13, and
29, respectively.
eThe score for words and faces is based on a 24-h recognition test of 50 words or 50 faces (modified
from Warrington 1984) (maximum score: 50; chance: 25).
Mean scores  standard errors are also provided for four patients with histologically confirmed hip-
pocampal damage (H), five patients with Korsakoff’s syndrome (KOR), and eight controls (CON) from
Squire and Shimamura (1986). RB was tested only on the diagram recall test and the paired associates
test. Scores for PN on Words and Faces are the average of two tests.
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with their other hand once and rated the weight of each object
from 1 to 9. Altogether, participants took three different tests in
which the first set of objects was lighter than, identical to, or
heavier than the second set of objects. Both patients and controls
were biased in the same way by their experience with the first set
of objects. Thus, the patients exhibited normal adaptation-level
effects.
NC, MG, and PN participated in several other studies that
demonstrated intact nondeclarative memory. Intact abilities in-
cluded artificial grammar learning (MG, PN) (Knowlton et al.
1992), cognitive skill learning (NC, MG, and PN) (Squire and
Frambach 1990), facilitated reading speed (MG, PN) (Musen et al.
1990), priming of object naming (NC, MG, PN) (Cave and Squire
1992), and probabilistic classification learning (MG, PN) (Reber
et al. 1996).
Performance on other cognitive tests
The memory impairment in NC, MG, and PN appeared largely in
the absence of other cognitive deficits. All three scored within
normal range on the WAIS-R (Table 1). All three also scored simi-
larly to controls on the Dementia Rating Scale (Mattis 1976),
when the memory subscale was excluded (NC, 110; MG, 119; PN,
112; mean of 11 controls = 115.3; maximum = 119; controls
from Janowsky et al. 1989).
The patients also took the Boston Naming Test (Kaplan et al.
1983), the Wisconsin Card Sorting Test (WCST) (Heaton 1981),
and the Verbal Fluency Test (Benton and Hamsher 1976). On the
Boston Naming Test, which asks participants to name line draw-
ings of 60 objects, the patients performed similarly to controls
(NC, 51; MG, 53; PN, 53; mean of six controls = 55.8  1.4,
range = 49–58; controls from Squire et al. 1990).
On the WCST, which is sensitive to frontal lobe dysfunc-
tion, NC, MG, and PN sorted 4, 6, and 3 categories, respectively
(maximum = 6). The Verbal Fluency Test is also sensitive to fron-
tal lobe dysfunction and asks participants to provide as many
words as possible in 1 min beginning with the letter F (and then
A and S). The patients performed similarly to controls (NC, 31;
MG, 32; PN, 35; mean of six controls = 37.5  3.7, range 30–55;
controls from Squire et al. 1990).
In summary, all three patients exhibited marked impair-
ment on tests of declarative memory but performed normally on
tests of nondeclarative memory and on other tests of cognitive
function.
Neuropathological findings
Gross appearance of the brains
All three brains were examined prior to histological analysis. The
brain of patient NC appeared normal with no infarcts, atrophy,
or sulcal widening. The mammillary nuclei appeared to be nor-
mally sized or perhaps slightly reduced in volume. Inspection of
blocks of her brain indicated some dilation of the ventricles.
Extreme atrophy of the hippocampal formation was also noted
bilaterally. MG’s brain exhibited marked atrophy and evidence of
recent infarcts in the right hemisphere along most of its rostral-
caudal extent. The mammillary nuclei were present and of nor-
mal size. The brain of patient PN exhibited signs of sulcal wid-
ening, especially in the frontal lobes. A small tumor, thought to
Figure 2. Recall and recognition. The three amnesic patients (AMN)
and controls (CON, n = 19) studied eight lists of 20 words each on eight
separate days (Haist et al. 1992). Each participant took four free-recall
tests and four two-alternative, forced-choice recognition tests after delays
of 15 sec, 10 min, 2 h, or 1 d.
Figure 1. The Rey-Osterrieth figure. Participants copied the Rey-Osterrieth figure (Osterrieth 1944) and then reproduced the figure from memory
10–15 min later, without forewarning. Normal copies (top) and impaired reproductions (bottom) are shown for patients NC, MG, and PN, along with
the copy and reproduction of a typical control (CON).
Brain damage and memory impairment
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right temporal lobe. There was also evidence of a recent, left-
sided, occipital infarct. Finally, her mammillary nuclei appeared
shrunken.
Patient NC
Medial temporal lobe
The primary finding in NC’s brain was extensive damage to the
entire rostral-caudal extent of the hippocampal formation bilat-
erally (Fig. 5A–D). The CA1 and CA3
fields appear almost completely acellu-
lar. The dentate gyrus is extensively
damaged as well, and there appears to be
a complete loss of granule cells and hilar
cells. The CA2 field and the subiculum
appear relatively spared. The perirhinal
(Fig. 5E) and parahippocampal cortices
appear normal. The entorhinal cortex
shows some loss of layer III cells (Fig. 5F).
Diencephalon
NC’s diencephalon appears normal. The
mammillary nuclei are present bilater-
ally and show no signs of pathology. The
mammillothalamic tract and the thala-
mus bilaterally also appear normal.
Patient MG
Medial temporal lobe
MG’s medial temporal lobes appear nor-
mal, including the hippocampal region,
and the entorhinal, perirhinal, and para-
hippocampal cortices.
Diencephalon
Within the last 2 wk of her life, MG suffered a right-sided stroke.
The consequences of this stroke were evident throughout the
right hemisphere. There was extensive damage in the region of
the right thalamus and internal capsule, and we could not dis-
tinguish between damage to the right thalamus from the original
infarct that caused amnesia and damage from the more recent
infarct. Accordingly, analysis of the thalamus was restricted to
the left hemisphere.
MG’s mammillary nuclei and left mammillothalamic tract
appear normal. Figure 6 shows the damage in the left thalamus.
Figure 6A shows the most rostral extent of the lesion. In this
section, the main damage is in the ventral lateral nucleus (VL,
mostly likely the motor portion of VLa), and there is evidence of
gliosis medially in the region of the paracentral nucleus (Pc).
Figure 6B shows a section 2.5 mm caudally. At this level, the
infarct has damaged the Pc, the central medial nucleus (CeM),
and the central lateral nucleus (CL), which are all considered part
of the internal medullary lamina (anterior intralaminar group)
(Jones 1985). The CL is also considered part of the mediodorsal
nucleus (MD, the densocellular division). Figure 6, C and D,
shows the lesion caudally 2.5 mm and 5.0 mm, respectively. The
focus of the lesion in these sections is the CL, with some damage
to the CM, MD, and VL as well. Finally, note that the overall
shape of the thalamus is abnormal, suggesting that the tissue has
shifted to fill space left by the lesion (Fig. 6D). The other thalamic
nuclei, including the anterior nuclei, appear relatively normal.
Patient PN
Medial temporal lobe
PN exhibits no evidence of pathology in the hippocampus
proper, dentate gyrus, or subiculum. The entorhinal, perirhinal,
and parahippocampal cortices are normal along their entire ros-
tral-caudal extent.
Diencephalon
PN has extensive damage in the diencephalon. Figure 7 shows
damage to the mammillary nuclei bilaterally (Fig. 7A,B), as well
as the mammillothalamic tract and the anterior ventral nucleus
on the right (Fig. 7C,D). There is similar damage in the left mam-
millothalamic tract and left thalamus. In the mammillary nuclei,
Figure 3. Retrograde memory. (A) Public events. The patients (dark
squares) and controls (white squares; n = 8 healthy controls for NC and
MG; n = 9 alcoholic controls for PN) were given recall and four-
alternative recognition memory tests for public events that occurred be-
tween 1950 and 1987. The standard errors range from 3.7% to 8.5% for
recall and from 2.8% to 5.3% for recognition. Data are from Squire et al.
(1989). (B) Autobiographical memory. The three amnesic patients (AMN)
and controls (CON, n = 5) were given 10 cue words (e.g., nail, book) and
asked to recall, in response to each cue word, an autobiographical epi-
sode from any past period (Crovitz and Schiffman 1974). Narratives were
rated from 0 (no memory) to 3 (detailed episodic memory specific to
time and place). Data for controls are from MacKinnon and Squire
(1989).
Figure 4. Nondeclarative memory. (A) Priming. The three amnesic patients (AMN) and controls
(CON, n = 15) saw either 16 words (for an average of 50 msec) or 16 nonwords (for 117 msec), half
of which had been presented earlier. The facilitation score is the percentage of previously viewed items
that could be correctly identified (i.e., named) minus the percentage of novel items that could be
correctly identified. Across four separate study-test sequences, patients and controls exhibited a similar
advantage for previously viewed items. Data are from Haist et al. (1991). (B) Adaptation-level effects.
On three different days, the three patients and controls (n = 11) lifted 10 identical-appearing objects
that as a group were light, neutral, or heavy. After a delay, participants lifted the 10 neutral objects and
rated each object’s weight from 1 (extremely light) to 9 (extremely heavy). When participants lifted
light objects first, they subsequently perceived the neutral set as heavy (light bias). When participants
lifted the heavy objects first, they subsequently perceived the neutral set as light (heavy bias). Patients
and controls exhibited these effects to the same degree. Data are from Benzing and Squire (1989).
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(Fig. 7A,B). Figure 7, C and D, shows that glia have also infiltrated
the mammillothalamic tract along its course from the mammil-
lary nuclei to the anterior thalamic nuclei (for comparison, see
Fig. 7E for the normal mammillothalamic tract of NC). Within
the thalamus itself, the anterior dorsal nucleus is damaged so
extensively that it is difficult to identify. Also, the anterior ven-
tral nucleus is reduced in volume and neuronal number. Further-
more, it is extremely gliotic, worse medially than laterally. This
pattern of damage is suggestive of primary mammillary nuclei
pathology with secondary, transneuronal damage to cells in the
anterior nuclei receiving projections via the mammillothalamic
tract. The other thalamic nuclei, including the MD and CL, ap-
pear normal.
Comparison of patients
Figure 8 shows the dentate gyrus and CA3 field (left), the CA2
field (middle), and the CA1 field (right) for each of the three
patients. Only NC has damage to the dentate gyrus and the CA3
and CA1 fields. The CA2 field appears relatively normal in all
three patients. Figure 9 shows one mammillary nucleus (Fig. 9A)
and the anterior ventral nucleus (Fig. 9B) for each of the three
patients. Only PN has damage to both the mammillary nuclei
and the anterior thalamic nuclei (including the anterior dorsal
and the anterior ventral nuclei).
Discussion
We have presented neuropsychological and neuropathological
findings from three memory-impaired patients (NC, MG, and
PN). Patient NC had extensive bilateral damage to the hippocam-
pus (including the dentate gyrus and the CA1 and CA3 fields)
and some loss of neurons in layer III of entorhinal cortex. There
was no damage to the mammillary nuclei, mammillothalamic
tracts, or thalamus. Patient MG had a bilateral stroke that dam-
aged several thalamic nuclei, including nuclei in the anterior
intralaminar group of the internal medullary lamina and the me-
diodorsal nuclei (MD). There was no damage to the mammillary
nuclei, mammillothalamic tracts, or medial temporal lobes. Pa-
tient PN had alcoholic Korsakoff’s syndrome with damage bilat-
erally to the mammillary nuclei, mammillothalamic tracts, and
anterior nuclei of the thalamus (including the anterior dorsal and
the anterior ventral nuclei). All three patients exhibited a similar
phenotype of amnesia with marked impairment on tests of de-
Figure 5. Coronal sections through the left and right hippocampal region of NC rostrally (A,B) and caudally (C,D). The subiculum (S) and presubiculum
(PreS) appear normal (A–D). Arrowheads indicate nearly complete cell loss in the CA1 fields bilaterally (A–D). Similarly, arrows indicate nearly complete
cell loss in the CA3 fields bilaterally (B,C,D). The dentate gyrus (DG) also shows nearly complete cell loss bilaterally (B,C,D). In contrast, CA2 is relatively
spared (B,C,D). Furthermore, the entire hippocampal formation appears reduced in volume, failing to fill the ventricle as expected (C,D). Perirhinal cortex
(E) appears normal, but entorhinal cortex (ERC) appears to have some cell loss in layer III (F). Layer IV is absent from entorhinal cortex and is not indicated
here. Scale bar, 1 mm (A–D) or 0.5 mm (E,F). (S) Subiculum; (PreS) presubiculum; (DG) dentate gyrus; (ERC) entorhinal cortex.
Brain damage and memory impairment
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mal performance on tests of nondeclarative memory (e.g., prim-
ing and adaptation-level effects) as well as on tests of other cog-
nitive functions (e.g., the WAIS-R and the Dementia Rating
Scale).
It is notable that neither PN nor MG exhibited a “band of
gliosis” (or any other damage) adjacent to the third ventricle,
which was reported in two previous neuropathological studies
involving four patients with well-characterized, diencephalic am-
nesia due to Korsakoff’s syndrome (Mair et al. 1979; Mayes et al.
1988). The precise location and extent of the band of gliosis in
the previous studies is somewhat unclear. Mair et al. (1979) de-
scribed it as located between the subependymal zone and the
MD, in the region of (and extending ventrally from) the para-
tenial nucleus. These investigators also refer to this region as the
midline region of the thalamus. Mayes et al. (1988) reported that
damage in their patients was very similar to damage in the cases
described by Mair et al. (1979).
Note that the band of gliosis in those studies was not limited
to the paratenial nucleus itself. Rather, it was located in the an-
terior and medial thalamus in proximity to the paratenial
nucleus (and thus, in the region of the central medial nucleus
[CeM], medioventral nucleus, anterior nuclei, and MD). Others
have noted that the paratenial nucleus is not prominent in hu-
mans (Bentivoglio et al. 1993; Harding et al. 2000), and it has
been suggested that the band of gliosis described previously (Mair
et al. 1979; Mayes et al. 1988) actually denoted damage to the
anterior portion of the MD (Victor et al. 1989; Harding et al.
2000).
The mediodorsal thalamic nucleus has been prominent in
discussions of diencephalic amnesia. Indeed, in the largest his-
tological study of Wernicke-Korsakoff’s syndrome, damage to the
MD uniquely identified patients with memory impairment (Vic-
tor et al. 1989). The mammillary nuclei were also damaged in the
patients that were studied, but a few of these patients did not
have MD damage and appeared not to have memory impair-
ment. Butters (1984) pointed out that these same observations
are consistent with the conclusion that damage in Korsakoff’s
syndrome must include both the mammillary nuclei and MD to
cause memory impairment, because all of the patients with
memory impairment had damage to both structures.
In other cases of diencephalic amnesia, different areas of the
thalamus have been emphasized. For example, damage to the
internal medullary lamina and the mammillothalamic tract has
Figure 6. Approximately coronal sections through the left thalamus of MG. At each level, black arrows indicate the lesion. (A) Rostrally, the lesion
begins in the ventral lateral nuclear complex (likely the motor portion of VLa). At this level, the anterior ventral nucleus (AV) and medial dorsal nucleus
(MD) appear normal. The arrowhead and dashed oval indicate marked gliosis in the internal medullary lamina (in the region of Pc, the paracentral
nucleus). (B) The lesion is still present 2.5 mm caudally, in the ventral lateral nuclear complex and also includes the internal medullary lamina
inferomedially, notably Pc and the central medial nucleus (CeM). (C,D) Lastly, at 5.0 mm and 7.5 mm caudally, the lesion damages mainly the central
lateral nucleus (CL). Also note that the thalamus does not protrude into the adjacent ventricle as expected (the dashed line and asterisk in D indicate
the approximate, expected curvature of the superior thalamus). Overall, the rostral-caudal extent of the thalamic lesion is ∼1–1.5 cm. Scale bar, 1 mm.
(AD) Anterior dorsal nucleus; (AV) anterior ventral nucleus; (CeM) central medial nucleus; (CL) central lateral nucleus; (CM) center médian nucleus; (LD)
lateral dorsal nucleus; (LP) lateral posterior nucleus; (MD) medial dorsal nucleus; (Pc) paracentral nucleus; (VA) ventral anterior nucleus; (VL) ventral
lateral nucleus; (VPL) ventral posterior lateral nucleus.
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trauma or infarction (von Cramon et al. 1985; Mori et al. 1986;
Squire et al. 1989a). Furthermore, a recent study of Korsakoff’s
syndrome emphasized the importance of gliosis and neuronal
loss in the anterior thalamic nuclei (Harding et al. 2000). In the
present study, MG had damage to the internal medullary lamina
as well as damage to the MD. PN had damage to the mammillo-
thalamic tracts as well as the anterior thalamic nuclei (and mam-
millary nuclei). Thus, our findings suggest that damage involving
several different diencephalic nuclei and tracts can cause
memory impairment, specifically damage to the MD and the in-
ternal medullary lamina (along with associated nuclei), as well as
damage to the mammillary nuclei, the mammillothalamic tract,
and the anterior thalamic nuclei. Accordingly, our findings help
reconcile the various studies of diencephalic amnesia that have
tended to emphasize particular structures and tracts. We suggest
that memory impairment is caused either by damage to the MD
and the adjacent internal medullary lamina, or by damage to the
mammillary nuclei, the mammillothalamic tract, and the ante-
rior thalamic nuclei.
These diencephalic nuclei and tracts are anatomically re-
lated to the MTL. The ventroamygdalofugal pathway, which
passes through the internal medullary lamina, connects perirhi-
nal cortex and the amygdala to the MD via the inferior thalamic
peduncle (Mishkin 1982; Russchen et al. 1987; Graff-Radford et
al. 1990). Furthermore, the hippocampal formation originates
projections via the fornix to the mammillary nuclei, which, in
turn, project to the anterior thalamic nuclei via the mammillo-
thalamic tract. These connections may explain why diencephalic
lesions and MTL lesions can cause a similar memory impairment,
as discussed previously (Aggleton and Brown 1999). Findings
from functional magnetic resonance imaging (fMRI) also point to
an extended anatomical system supporting new learning that
includes the medial temporal lobe, the diencephalon and ven-
trolateral prefrontal cortex (Caulo et al. 2005).
In the present study, one of the patients (NC) had MTL
damage. NC had bilateral damage to the CA1 and CA3 fields of
the hippocampus, the dentate gyrus, and layer III of entorhinal
cortex. This pattern of brain damage appears not to have been
described previously in memory-impaired patients and may be
related to NC’s history of seizures. Layer III of the entorhinal
cortex is epileptogenic, and a prolonged history of seizure can
result in layer III cell loss (Du et al. 1995; Schwarcz et al. 2000).
Other evidence suggests that the CA2 field is resistant to damage
by seizures (Amaral and Insausti 1990).
Early reports suggested that MTL damage and diencephalic
damage might produce qualitatively different kinds of memory
impairment (Huppert and Piercy 1979; Parkin 1984). The current
view is that damage to either region produces the same core
memory impairment (e.g., Victor et al. 1989; McKee and Squire
1992; Aggleton and Brown 1999; Van der Werf et al. 2000). Our
findings confirm this view by demonstrating the same core am-
nesic syndrome in patients with MTL or diencephalic lesions, all
of whom took the same memory tests.
There has been some debate about the status of recognition
memory in amnesia. On the one hand, there is considerable evi-
dence that recognition memory, like other declarative memory
abilities (e.g., recall memory), is impaired by either MTL or dien-
cephalic damage (Haist et al. 1992; Reed and Squire 1997; Kopel-
man and Stanhope 1998; Manns et al. 2003; Zoppelt et al. 2003;
Figure 7. Coronal sections through the diencephalon of PN. The mammillary nuclei (A, right; B, left) show extensive gliosis as well as neuronal loss.
In the thalamus (right side shown in C,D), the mammillothalamic tract shows marked gliosis along its course toward the anterior nuclei (arrowheads in
C, D; E shows the normal right mammillothalamic tract for patient NC, for comparison). The anterior ventral nucleus (AV) also shows neuronal loss and
extensive gliosis. The damage is more evident ventromedially than dorsolaterally. The anterior dorsal nucleus (AD) (which should be evident in D but
cannot be detected) is extremely damaged, retaining only a few shrunken cells overwhelmed by glia. Scale bar, 0.5 mm (A,B)o r1m m( C–E). (AD)
Anterior dorsal nucleus; (AV) anterior ventral nucleus; (CeM) central medial nucleus; (MD) medial dorsal nucleus; (MN) mammillary nucleus; (VA) ventral
anterior nucleus; (VL) ventral lateral nucleus.
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On the other hand, some studies have reported that recognition
memory is normal (or near normal) following damage to these
regions (Aggleton and Shaw 1996; Turriziani et al. 2004) (also the
single cases ROB [Hanley et al. 2001], YR [Holdstock et al. 2002],
MR [Bastin et al. 2004], and KN [Aggleton et al. 2005]).
All the studies mentioned above depended on neuroimag-
ing to determine the location and extent of brain damage. No-
tably, every study that has thoroughly documented brain dam-
age in amnesic patients through post-mortem histological analy-
sis has found impaired recognition memory. Thus, patient RB,
who had damage limited to the CA1 field of the hippocampus
bilaterally, was impaired on tests of two-alternative, forced-
choice, and yes/no recognition memory (Zola-Morgan et al.
1986). In addition, patients GD (damage limited to the CA1 field
of the hippocampus), LM (CA1–3, dentate gyrus, entorhinal cor-
tex), and WH (CA1–3, dentate gyrus, entorhinal cortex, subicu-
lum) were impaired on several different tests of recognition
memory (Rempel-Clower et al. 1996; Reed and Squire 1997).
Lastly, patients EA, BC, JH, and JW (Korsakoff’s syndrome with
damage to the mammillary nuclei and a band of gliosis in the
midline region of the thalamus) were also impaired on tests of
recognition memory (Mair et al. 1979; Mayes et al. 1988). Simi-
larly, all three patients in the present study were impaired on
tests of recognition memory (Table 2; Fig. 2). Accordingly, studies
of amnesic patients with histologically identified brain lesions
are unanimous in finding that recognition memory is impaired
following damage to the MTL or diencephalon.
Retrograde memory has also been well studied in patients
with MTL or diencephalic lesions. Despite initial reports that
retrograde memory impairment was extensive and ungraded
(i.e., similar for recent and remote time periods) (Sanders and
Warrington 1971; Mair et al. 1979), most studies have found that
retrograde memory impairment is temporally graded (i.e.,
memory for the recent past is impaired more than memory for
the remote past), whether after damage limited to the hippocam-
pal region, after more extensive MTL damage, or after dience-
phalic damage (for review, see Squire and Alvarez 1995). The
findings from our three patients confirm that damage to the MTL
or diencephalon produces temporally graded retrograde amnesia
(Fig. 3).
Nondeclarative memory is known to be intact in patients
with damage to the MTL (Squire 1992). The status of nondeclara-
tive memory in patients with well-documented damage to the
diencephalon has been less thoroughly studied (as noted by Phaf
et al. 2000; Swinnen et al. 2005). Indeed, neither of the two
earlier neuropathological studies of patients with Korsakoff’s syn-
drome commented on the status of nondeclarative memory
(Mair et al. 1979; Mayes et al. 1988). The present results confirm
that nondeclarative memory is intact following diencephalic le-
sions. Thus, NC, MG, and PN all exhibited normal priming for
words and nonwords (Fig. 4A) as well as normal adaptation-level
effects (Fig. 4B), and they also performed normally on other tests
of nondeclarative memory (see Results).
In summary, we have presented neuropsychological and
neurohistological findings from one patient with damage to the
MTL and two patients with diencephalic damage. Damage to the
MTL or diencephalon produces a well-circumscribed amnesic
syndrome characterized by a common impairment in antero-
grade and retrograde declarative memory (including recognition
memory) and intact nondeclarative memory. The pattern of
brain injury in patient NC (damage to the dentate gyrus, CA1
and CA3 fields, and layer III of entorhinal cortex with relative
sparing of the CA2 field and the subiculum) has not been re-
ported in previous neurohistological studies of memory impair-
ment and likely is related to her history of seizures. The pattern
Figure 8. Hippocampal region. Coronal sections through the hippocampal region of each patient. The hippocampal region appears normal in patients
MG and PN. In contrast, the hippocampal region of patient NC is markedly abnormal. The dentate gyrus (DG), the CA3 field, and the CA1 field show
nearly complete cell loss in NC, although the CA2 field appears relatively normal. Arrows indicate the DG and the CA fields, but some panels include
CA fields in addition to the one that is highlighted. Scale bar, 0.5 mm. (S) Subiculum; (DG) dentate gyrus.
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mammillothalamic tracts, and anterior nuclei of the thalamus)
differs from the pattern of brain injury reported in the two pre-
vious neurohistological studies of patients with well-
characterized amnesia due to Korsakoff’s syndrome (Mair et al.
1979; Mayes et al. 1988) but is consistent with reports that em-
phasize the importance of the mammillothalamic tract and the
anterior thalamic nuclei (e.g., von Cramon et al. 1985; Marko-
witsch 1988; Harding et al. 2000). MG had damage to the me-
diodorsal nucleus and the internal medullary lamina, consistent
with reports that emphasize the importance of these structures
(von Cramon et al. 1985; Victor et al. 1989). It has only rarely
been possible to study the anatomy of memory by carrying out
extensive neuropsychological testing during life followed by de-
tailed post-mortem neurohistological analysis. The present re-
port adds three cases to this useful literature.
Materials and Methods
Three amnesic patients (NC, MG, and PN) were studied in the
laboratory for 7–21 yr prior to death. Their case histories are
presented below.
Patient NC
Case history
Patient NC was a left-handed, Caucasian female born in 1943.
She received 12 yr of education and subsequently worked as a
nurse’s aide for 10 yr. NC reported at least a 14-yr history of
alcoholism, although at autopsy her liver showed no signs of
cirrhosis. She was not known to have drunk alcohol from 1982 to
1994, the period during which she participated in studies in our
laboratory. NC had a history of smoking cigarettes (a pack per
day for at least 25 yr). She was prescribed metoprolol, proprano-
lol, and nitrostat for severe hypertension and angina, but these
conditions remained uncontrolled.
NC’s psychiatric history is remarkable for childhood hospi-
talizations for “crazy” behavior. She received a diagnosis of
schizo-affective disorder with paranoid-type schizophrenia
symptoms and depressive mood disorder. She saw a psychiatrist
regularly and controlled the disorder with, among other treat-
ments, trazadone and doxepin.
Her neurological history is remarkable for a seizure disorder
that she controlled with Dilantin and a history (self-reported) of
frequent head trauma. NC’s neurological history is also remark-
able for mild distal polyneuropathy likely related to alcohol
Figure 9. Diencephalon. (A) Coronal sections through the mammillary nucleus (MN) of each patient at low (A, top) and high (A, bottom) magnifi-
cation. The MN of NC and MG appears normal. In contrast, the MN of PN is gliotic with neuronal loss. (B) Coronal sections through the anterior ventral
nucleus (AV) of each patient at low (B, top) and high (B, bottom) magnification. The AV of NC appears normal. The AV of MG appears misshapen but
otherwise appears normal (see Results). In contrast, the AV of PN is gliotic with neuronal loss. Scale bar, 0.5 mm (A, top and B, top) or 0.1 mm (A, bottom
and B, bottom). (MN) Mammillary nucleus; (AV) anterior ventral nucleus.
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drift, and left facial weakness. She received a diagnosis of sleep
apnea shortly before her death.
In 1979, at the age of 36, NC was diagnosed with a severe
memory disorder, initially identified as Korsakoff’s syndrome. At
the time she was also noted to have poor performance on digit
span and on a calculation task. These difficulties were attributed
to attention problems, possibly due to her medications. Her
memory impairment remained stable during the 12 yr that we
tested her. We now suggest that the initial diagnosis of Korsa-
koff’s syndrome was incorrect, as our histological analysis (see
Results) revealed bilateral damage to the hippocampal formation
in the absence of diencephalic damage.
In 1992, NC experienced an episode of congestive heart fail-
ure accompanied by a small, subendocardial infarction. She was
subsequently diagnosed with hypertensive cardiomyopathy. In
January 1994, she was hospitalized for pneumonia and later dis-
charged. One month later, she was found deceased in her board-
and-care facility. She was 51 yr old. The cause of death was re-
ported as coronary artery disease, including near-complete occlu-
sion of the left anterior descending and right coronary arteries.
An autopsy revealed hepatic and pulmonary congestion, as well
as arteriolar nephrosclerosis.
Acquisition and preparation of tissue
NC’s death was unattended, so the exact interval between death
and removal of the brain is unknown (4–10 h). The brain was
placed in cold 10% formalin in 0.1 M phoshate buffer for 3 mo.
Photographs of the whole brain were taken, and then the brain
was cut into ∼1-cm-thick coronal blocks. Each block was photo-
graphed and inspected. Blocks were then returned to cold 10%
formalin in 0.1 M phosphate buffer for 2 mo. The blocks were
then placed in a cryoproctectant solution of 10% glycerin and
10% formalin in 0.1 M phosphate buffer. After 2 d, the blocks
were moved into a cyroprotectant solution of 20% glycerin and
10% formalin in 0.1 M phosphate buffer for 2 mo. Then, whole
coronal blocks were frozen between glass slides by placing them
in 70°C isopentene for 45 min and stored at 70°C.
Patient MG
Case history
MG was a right-handed, Caucasian female born in 1932. MG had
a history of cigarette smoking (∼1.5 packs per day for as long as 30
yr) with no history of alcohol use. She had carotid artery occlu-
sive disease, severe hypertension, and angina controlled with
clonidine and nifedipine. Her neurological history is further sig-
nificant for transient ischemia attacks (TIAs) that resulted in
fainting spells.
In 1985, MG underwent bilateral carotid and femoral end-
arterectomy. In 1986, she was admitted to the hospital where an
MRI revealed a symmetric, bithalamic stroke (Fig. 10). At that
time, she was noted to have significant anterograde memory loss.
She participated in our studies from 1987 to 1994.
In June 1994, angiography revealed at least 50% carotid
blockage bilaterally, worse on the right. Head CT revealed evi-
dence of small vessel white matter disease and a new, nonhem-
orrhagic infarct dating to the recent 6 mo. Importantly, she was
noted to have no musculoskeletal abnormalities at this time.
On December 12, 1996, MG was admitted to the hospital
with acute and chronic renal failure, urinary tract infection, and
dehydration. After treatment she was noted to be ambulatory
with a walker, but showing a “contracted left upper extremity.”
MG was released from the hospital but returned 2 wk later in
acute respiratory distress. She was intubated and ventilated. Ex-
amination revealed impending gangrene of the left lower leg due
to obstruction of the iliac artery. At this time she also had left
hemiparesis and a deformed left hand. These findings suggest
that she had had a new, right-sided stroke, likely dating to the
hospitalization of December 12. Honoring MG’s “do not resus-
citate” order, her family requested extubation and death super-
vened. She was 64 yr old.
Acquisition and preparation of tissue
Approximately 4 h after death, the brain was removed and im-
mediately placed in cold 10% formalin in 0.1 M phoshate buffer
for 54 mo. In June 2001, photographs of the whole brain were
taken, and then the brain was cut into ∼1-cm-thick coronal
blocks. Blocks were then returned to cold 10% formalin in 0.1 M
phosphate buffer for 1 mo. Each block was then photographed,
and the blocks were placed in a cryoproctectant solution of 10%
glycerin and 10% formalin in 0.1 M phosphate buffer. After 4 d,
the blocks were moved into a cyroprotectant solution of 20%
glycerin and 10% formalin in 0.1 M phosphate buffer for 2 d.
Then, whole coronal blocks were frozen between glass slides by
placing them in 70°C isopentene for 45 min and stored at
70°C.
Patient PN
Case history
PN was a right-handed, Caucasian female born in 1927. She was
a lithographer and licensed vocational nurse with at least 11 yr of
education. She had a history of iron deficiency anemia. PN re-
ported that a car accident in about 1960 resulted in left-sided
ambulatory difficulty secondary to a hip fracture. She denied
brain injury from this accident. PN had multiple incidents of
head trauma not associated with loss of consciousness, although
one incident resulted in a left parietal skull fracture. Her psychi-
atric history is remarkable for two self-reported suicide attempts.
PN’s medical history is also remarkable for heavy alcohol
abuse of unknown duration. She continued to binge drink while
living in a board-and-care facility during the 1990s. In 1979, PN
was diagnosed with significant memory impairment due to mild-
to-moderate Korsakoff’s syndrome. A CT scan in 1985 demon-
strated decreased tissue density in the thalamus and the caudate
nucleus, and cortical atrophy as measured by increased fluid in
the frontal sulcal and peri-Sylvian areas (Shimamura et al. 1988).
An MRI in 1989 (Squire et al. 1990) revealed an enlarged lateral
ventricle and a marked reduction in the volume of the mammil-
lary nuclei (<5% of mean control volume). The temporal lobe,
hippocampal formation, and parahippocampal gyrus were of
normal size. PN participated in our studies from 1979 to 2000.
In January 2000, PN was admitted to the hospital after blood
was noted in her stool. Endoscopy revealed damage to the lower
portion of the stomach resulting from bile gastritis. The lower
portion of her stomach was removed, and the remaining portion
was connected to the duodenum. PN died in April 2000 of a
vascular disorder of the intestine. She was 72 yr old.
Figure 10. MRI of patient MG. In 1986, magnetic resonance images of
the brain of patient MG demonstrated a bilateral infarction in the medial
thalamus, likely in the vascular territory of the thalamic-subthalamic ar-
teries (also known as the thalamoperforating arteries or paramedian tha-
lamic arteries). Arrows indicate the lesion in the thalamus.
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Approximately 1 h after death, the carotid arteries were cannu-
lated and the brain was perfused with 4% paraformaldehyde so-
lution for ∼1 h. The brain was then removed, and a specimen of
a right-sided temporal lobe tumor (thought to be a neurofibroma
or meningioma) was taken for evaluation. The brain was then
suspended in 4% paraformaldehyde in 0.01 M phosphate buffer
for 1 d. Then, photographs of the whole brain were taken, and
the brain was placed in fresh 4% paraformaldehyde in 0.01 M
phosphate buffer. On the following day, the brain was cut into
∼1-cm-thick blocks and returned to 4% parafomaldehyde for 48
h. Then the blocks were placed into a cryoproctectant solution of
10% glycerin and 2% DMSO in 0.01 M phosphate buffer for 48 h.
The blocks were then photographed and placed in 20% glycerin
and 2% DMSO in 0.01 M phosphate buffer for 48 h. They were
then frozen between glass slides by placing them in 70°C iso-
pentane for 35 min and stored at 70°C.
Processing of brain tissue
After the brains were frozen, all three were processed in the same
way. Whole coronal blocks were sectioned into left and right
hemispheres along the midline commissures. The thalamus and
medial temporal lobes were separated and processed separately.
Continuous 50-µm sections were then cut through each frozen
block using one of two freezing microtomes (a MICROM HM440e
or a Reichert sliding microtome). Every tenth section was
mounted on a gelatin-coated slide and stained with 0.25% thi-
onin. The unmounted sections were stored in a cryoprotectant
solution of 30% ethylene glycol and 25% glycerol in 0.01 M
phosphate buffer.
Evaluation of brain tissue
Analysis involved qualitative assessment of the medial temporal
lobe and diencephalon bilaterally.
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